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A B S T R A C T   
Gallium doped silicon is an industrially viable alternative to boron doped silicon for photovoltaics, and is 
assumed to be immune from light-induced degradation. We have studied light soaking for >1000 h of indus-
trially fabricated passivated emitter and rear cell (PERC) devices formed from monocrystalline gallium and boron 
doped substrates, with cell properties monitored using a non-contact photoluminescence imaging proxy method. 
As-fabricated stabilised boron doped cells did not degrade or underwent a slight improvement, whereas as- 
fabricated gallium doped cells which had not been intentionally stabilised experienced a slight (~5%) deterio-
ration which then recovered. When PERC devices were subjected to a 200–300 �C dark anneal before light 
soaking, significant differences in the cell degradation signatures were observed. Degradation characteristic of 
light and elevated temperature induced degradation (LeTID) was observed for boron and gallium PERC solar 
cells, with the onset of degradation taking longer, and the severity being less, with gallium. Investigation of 
stripped gallium PERC devices with room temperature surface passivation revealed bulk lifetime degradation 
correlates with the cell-level degradation. When the cells were stripped and passivated with aluminium oxide, a 
complete change in the degradation behaviour was observed, with no degradation occurring in the gallium case 
and boron-oxygen-like degradation observed for boron. This indicates that dielectric passivation is not 
suitable for lifetime degradation diagnosis in stripped cells. Gallium retains advantages over boron doping with 
stabilisation processes not generally required, but manufacturers need to be aware of possible low-temperature 
lifetime instabilities when developing future fabrication processes, such as for passivated contact structures.   
1. Introduction 
The majority of today’s solar cells are made from p-type silicon 
wafers with boron as the electrically active dopant. The excess charge 
carrier lifetime (henceforth just “lifetime”) in silicon can reduce under 
illumination leading to reduced solar cell efficiencies, and this light- 
induced degradation (LID) can occur in several ways. An important 
form of LID occurs in boron doped silicon, in which recombination 
centres form in a way related to the boron and grown-in oxygen levels. 
This degradation mechanism has been studied for almost 50 years [1] 
and the large body of literature in this area has been recently reviewed 
[2,3]. Another effect occurs in thermally processed (including fired) 
wafers and is referred to as light and elevated temperature induced 
degradation (LeTID). LeTID has been observed in multicrystalline silicon 
(mc-Si) [4–6], float-zone silicon (FZ-Si) [7,8] and Czochralski silicon [9, 
10]. It involves an initial lifetime degradation but typically recovers 
over time, with degradation and recovery rates depending on thermal 
history. The physical origin of LeTID is unclear, but similarities across 
the range of material types suggest a common mechanism [11]. Other 
forms of LID occur in silicon which is contaminated with metals, such as 
copper [12]. 
Workarounds for boron-oxygen related LID exist [13]. Today’s 
commercial boron doped silicon solar cells are exposed to a so-called 
re-generation process by annealing them at the end of their fabrica-
tion with high temperature either combined with high illumination in-
tensity or high current density in the dark. From the experience of the 
* Corresponding author. 
** Corresponding author. 
E-mail addresses: nicholas.e.grant@warwick.ac.uk (N.E. Grant), john.d.murphy@warwick.ac.uk (J.D. Murphy).  
Contents lists available at ScienceDirect 
Solar Energy Materials and Solar Cells 
journal homepage: http://www.elsevier.com/locate/solmat 
https://doi.org/10.1016/j.solmat.2019.110299 
Received 6 September 2019; Received in revised form 13 November 2019; Accepted 14 November 2019   
Solar Energy Materials and Solar Cells 206 (2020) 110299
2
industrial co-author of this paper, the majority of large manufacturers in 
China apply the second annealing method and often warrant a degra-
dation rate smaller than 0.5%relative per year over 30 years in their 
modules. This means that an initially 20% efficient PERC module de-
grades to not lower than 17%absolute efficiency in 30 years. After the 
warranty runs out and the module is depreciated, many modules are 
expected to deliver power for another 10–20 years with one other 
replacement of inverters, which makes the after-warranty phase 
economically viable. If the degradation rate stays the same, such mod-
ules will deliver more than 16%absolute or 15.5%absolute after another 10 
or 20 years, respectively. The lower range of warranties given by various 
manufacturers is, in the example of the 20% PERC module, 16%absolute 
after 25 years. 
For these reasons, better stabilizing efficiency has very positive 
economic and environmental consequences. An alternative route to 
stabilise efficiency could be provided by doping with a different Group 
III element (e.g. aluminium, gallium or indium), with the aim of 
improved lifetime stability. Aluminium doping is not likely to be viable 
due to the strong recombination activity of aluminium-oxygen com-
plexes [14,15]. Indium doped silicon has been used to make passivated 
emitter and rear cell (PERC) devices which are reported to be 
stable under illumination [16,17]. Unfortunately indium’s acceptor 
level is moderately deep relative to the valence band edge 
(Ev þ 0.156 eV), and this means that at room temperature it is not fully 
ionized [18]. The un-ionized indium acts as a recombination centre [18, 
19] and the variation in effective doping level with temperature may be 
problematic in cell optimisation. 
Gallium is the most promising of the alternative Group III dopants, 
and has been demonstrated to be viable from an industrial perspective 
[20]. Lifetimes in gallium doped monocrystalline silicon wafers are 
reportedly stable under low-temperature illumination, regardless of 
ingot position and oxygen levels [21,22]. Gallium doped passivated 
emitter [21] and aluminium back surface field (Al-BSF) [22] mono-
crystalline cells are reported to give stable efficiencies which are similar 
to initial efficiencies of cells processed under the same conditions made 
from boron doped substrates. Although early work reported lifetime in 
gallium doped mc-Si was stable under illumination [23], recent work 
has shown that fired mc-Si PERC devices degrade but to a lesser extent 
than boron doped cells [24]. Fired gallium doped mc-Si lifetime samples 
are also found to experience LeTID-like behaviour, with the degradation 
being slower than in the boron case [25,26]. Compared to boron doped 
silicon, there are relatively few published fundamental studies of what 
determines the lifetime in gallium doped silicon, but the formation and 
dissociation of FeGa pairs is known to be an important issue where Fe is 
present [27–31]. Copper contaminants also induce LID in gallium doped 
wafers, but to a lesser extent than in boron doped wafers [32]. To the 
best of our knowledge, no studies have been published which determine 
whether monocrystalline gallium doped wafers and cells change with 
low-temperature processing (<400 �C). 
This paper provides the results of experiments into the bulk lifetime 
behaviour of gallium doped monocrystalline silicon wafers and 
completed PERC devices made from gallium doped monocrystalline 
substrates (“Ga PERC”). We first briefly report results for as-grown wafer 
material, showing lifetimes can be influenced by low-temperature 
annealing and illumination due to dissociation of metastable defects. 
With the knowledge of how to control the influence of 
metastable defects, we then study commercially processed PERC de-
vices, and compare our results to PERC devices produced with the same 
fabrication process using boron doped substrates (“B PERC”) with the 
addition of a final stabilisation step. Using a proxy non-contact method 
based upon photoluminescence (PL) imaging to characterise the cell 
properties, we find that Ga PERC devices not annealed after fabrication 
are stable within 5%, but if annealed at 200 �C–300 �C they exhibit a 
noticeable level of degradation. Ga PERC devices without stabilisation 
show considerably better stability than the destabilised B PERC devices. 
Finally, we then strip processed cells at various stages of degradation to 
link the cell level changes to changes in bulk lifetime in the substrate. 
2. Experimental methods 
Experiments were performed on commercial 15.6 cm � 15.6 cm 
PERC solar cells fabricated from either Ga and B doped (100)-orienta-
tion Czochralski silicon (Cz-Si) substrates, with an identical fabrication 
procedure on the same fabrication line. The cells were taken from a 
standard manufacturing line, processed in a standard way with no un-
usual processing steps. All cells were therefore fired after screen print-
ing. The wafer resistivity and thickness range were 1.2–1.5 Ωcm and 
140–150 μm, respectively. The B PERC devices were stabilised with the 
dark-current procedure described in the introduction, where the tem-
perature is not measured nor controlled very precisely, but the pro-
cedure has been optimized with extensive field tests. In contrary, the Ga 
PERC cells were not exposed to any after-treatment. Experiments were 
also performed on ‘as-received’ 190 μm thick 156 mm diameter 1.7 Ωcm 
Ga doped (100)-orientation Cz-Si wafers, which were similar to those 
used in the Ga PERC devices. For control purposes, 360 μm thick 2 Ωcm 
phosphorus doped n-type float-zone silicon (FZ-Si) samples were used to 
monitor surface passivation stability under illumination, and n-type 
material was chosen as it is less susceptible to bulk lifetime instabilities 
due to metastable metal-acceptor pairs and boron-oxygen LID often 
found in p-type silicon. 
In this study, it was sometimes necessary to strip the PERC devices 
back to their underlying substrate and to passivate the surfaces using 
either a room temperature passivation treatment or by aluminium oxide 
(Al2O3) deposited with atomic layer deposition (ALD). Temporary 
passivation schemes (see Ref. [33] for a review) can enable the lifetime 
to be measured without thermal processing which can otherwise modify 
the material under investigation, so where this is a requirement we use 
superacid-derived passivation [34–36]. For the as-received Ga doped 
samples, superacid-derived passivation was performed using bis(tri-
fluoromethane)sulfonimide (TFSI) from Sigma-Aldrich (95% purity) in 
anhydrous hexane (Sigma-Aldrich, >95% purity) using a procedure 
described in detail in Ref. [35]. For the stripped PERC devices, a slightly 
modified superacid-derived passivation method was required due to the 
remaining effects of the metallisation on the surface, as follows:  
(i) Dip in 1% HF for 1 min to remove the native oxide.  
(ii) Immersion in a silver etch solution consisting of NH4OH (30%) 
and H2O2 (30%) in the ratio 1:1 for 10 min at ~75 �C.  
(iii) Immersion in ~50% HF for 5 min.  
(iv) Standard clean 1 (SC 1) consisting of de-ionized (DI) H2O 
(18.2 MΩ), NH4OH (30%), H2O2 (30%) in the ratio 5:1:1 for 
10 min at ~75 �C.  
(v) Dip in 1% HF for 1 min.  
(vi) Aqua regia metal etch consisting of HCl (37%) and HNO3 (69.5%) 
mixed in the ratio 3:1. This was left to react for 15 min before 
adding the samples, which were etched for 15 min.  
(vii) Dip in 1% HF for 1 min, followed by SC 1, followed by dip in 1% 
HF.  
(viii) Standard clean 2 (SC 2) consisting of DI H2O, HCl (37%), H2O2 
(30%) in the ratio 5:1:1 for 10 min at ~75 �C.  
(ix) Dip in 1% HF for 1 min.  
(x) Etch in 25% tetramethylammonium hydroxide (TMAH) for 
30 min at ~80 �C.  
(xi) Dip in 1% HF for 1 min, followed by SC 2 and a DI H2O rinse.  
(xii) Soak in a mixture of 1% HF and 1% HCl diluted with DI H2O for 
10 min, then pull dry the samples from the solution ready for 
superacid treatment.  
(xiii) Dip in TFSI-hexane mixture for ~60 s in a glovebox with an 
ambient relative humidity of ~25%. 
ALD Al2O3 surface passivation was used when longer term stability 
was required. For this, the surface preparation procedure involved a dip 
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in HF (2%), immersion in a silver etch solution for 10 min (see step (ii) 
above), immersion in ~50% HF for 5 min, SC1 clean for 5 min, a dip in 
HF (2%), a TMAH etch at 80 �C for 10 min, a dip in HF (2%), an SC2 
clean for 10 min, and a final HF dip (2%). Samples were pulled dry from 
the final HF dip (i.e. no rinsing) and were immediately transferred to a 
Veeco Fiji G2 ALD system where they were rapidly held under vacuum 
to prevent surface oxidation. Al2O3 was deposited at 200 �C using a 
plasma O2 source and a trimethylaluminium precursor for 300 cycles to 
give films ~30 nm thick. The samples were then turned over and the 
same deposition conditions were used to deposit Al2O3 on the other 
surface. To activate the passivation, a post-deposition anneal in air was 
performed in a clean tube furnace at either 420 or 460 �C for 30 min. 
Annealing other than for passivation activation was performed in 
one of two ways. As-received wafer samples were first subjected to a 
cleaning procedure, which including a rinse in DI water, a 2% HF dip 
(1 min), a SC 2 clean, a DI water rinse, followed by another 2% HF dip 
(1 min). They were then annealed in a clean tube furnace in air at 
200–500 �C, followed by cleaning as part of the surface passivation 
procedure. PERC samples could not be cleaned due to the metallisation 
and were annealed in a standard box furnace in air at 200–300 �C. 
Effective lifetime measurements of passivated samples were made by 
transient and generalised photoconductance methods using a Sinton 
WCT-120 lifetime tester which uses a Quantum Qflash X5d-R flash lamp 
with an infrared pass filter. This was calibrated using a recently intro-
duced method [37]. To monitor the performance of processed cells after 
thermal and illumination treatments, a proxy method was developed 
using PL imaging. This was performed in a BT Imaging LIS-L1 system in 
which a 630 nm light emitting diode array is used to illuminate the 
samples. As illustrated in Fig. 1, the method involved selecting an 
approximate 2 cm � 2 cm region of interest (ROI) away from the edges 
of a 5 cm � 5 cm sample and recording the total number of PL counts 
after an 1 Sun exposure for 0.1–0.5 s. Care was taken to monitor the 
exact same region after each illumination step. The ROI was always 
scratch free and a significant region around the ROI was also ensured to 
be scratch free as lateral conduction could affect the PL signal. The 
advantage of this method is that it is contactless and so the sample does 
not get damaged as a consequence of a large number (up to ~50) of 
measurements, which would be much more difficult to achieve with a 
contacted cell measurement considering today’s fine-line screen print-
ing of the 12 narrow busbars. A disadvantage is that the method pro-
vides only a relative measurement of performance of a given device 
sample, with comparisons between devices difficult because of differ-
ences caused by spatial variation in PL counts of the original 
156 mm � 156 mm PERC device and varying levels of shading within 
the ROIs due to the metallisation. 
Illumination experiments on as-received wafer samples were per-
formed using the PL imaging system with a 1 Sun exposure applied for 
10 s at room temperature. Light soaking experiments on PERC samples 
were conducted by placing samples on hotplates to maintain the sample 
temperature at 75 �C when illuminated with a halogen lamp. One Sun 
equivalent illumination was achieved by adjusting the lamp height until 
a power density of ~1000 Wm-2 was measured using an Amprobe Solar- 
100 m (see Ref. [38] for an accurate quantification of ‘Sun equivalent’). 
3. Results & discussion 
3.1. Lifetime instabilities in unprocessed Ga doped wafers 
We first report lifetime results for samples extracted from as-received 
gallium doped Cz-Si wafers. These results, which are shown in Fig. 2, 
include the effect of low-temperature annealing on lifetime, and the 
stability data are important in establishing the consistency of the mea-
surements used at the cell level later in the paper. 
Fig. 2(a) shows the impact of low temperature annealing on the 
effective lifetime at an excess carrier density, Δn, of 1015 cm-3. For these 
experiments, room temperature superacid-derived surface passivation 
was used, as other surface passivation processes such as ALD Al2O3 
require elevated temperatures (for deposition and activation annealing) 
which will change the bulk lifetime under investigation as discussed in 
Ref. [33]. The surface recombination velocity (SRV) for 
superacid-derived passivation is higher than for our ALD Al2O3 passiv-
ation, and is typically around 1 cm/s [34,35]. The effective lifetimes in 
Fig. 2(a) are lower than they would be with our Al2O3 passivation, but it 
remains possible to distinguish changes in the bulk lifetime which occur 
only due to thermal effects. All lifetime measurements for Fig. 2(a) were 
made without intense illumination with sufficient time left after any 
annealing for any metastable recombination-active defects (e.g. FeGa 
pairs [29]) to have returned to their equilibrium state. 
The squares in Fig. 2(a) denote lifetimes measured prior to anneal-
ing. The average as-received effective lifetime is 439 μs, with the lowest 
measurement being 423 μs and the highest 460 μs. Differences in life-
time relative to the mean are within �5% and so can be assumed to be 
the same given the typical reproducibility of lifetime measurements [39] 
and the surface passivation scheme used [35]. The circles in Fig. 2(a) 
denote lifetimes after low-temperature annealing, and in all cases the 
lifetime has increased as a result of the thermal processing. A transition 
in lifetime occurs between 300 �C and about 380 �C, and this may be due 
to the annealing out of recombination-active defects, with the 
improvement being less pronounced at 500 �C. Lifetime instabilities at 
low processing temperatures have been found to occur in a range of 
silicon material types. For example, lifetime increases in n-type Cz-Si 
between 300 and 400 �C [40] have been linked to the annealing out 
of vacancy-oxygen related defects [41]. Studies on p-type and n-type 
float-zone silicon (FZ-Si) have also shown an increase in lifetime with 
annealing up to 320 �C and decrease in lifetime at 450 �C [42,43]. Thus, 
whilst lifetime changes occur in gallium doped Cz-Si at low tempera-
tures, there is no evidence that this is due to the gallium and it seems 
more likely that it is related to reconfiguration of grown-in crystal de-
fects as happens in materials grown with other dopants. Much stronger 
transitions around 350 �C have been specifically associated with gallium 
in electron irradiated Cz-Si [44], but the likely vacancy concentration in 
that material is much higher than in ours and in other materials used in 
the silicon photovoltaics industry, and so the effects are most likely 
Fig. 1. A schematic of the PL proxy method used to study completed PERC 
devices in this work. A damage-free region of interest (ROI) is chosen away 
from the edges of a PERC cell sample. The mean number of counts from this 
region is recorded at all stages of light soaking. The example shown is a PL 
image of a sample from a Ga PERC device. 
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different. 
Fig. 2(b) shows room temperature injection-dependent effective 
lifetime data for an ALD Al2O3 passivated Ga doped sample. The data are 
for a sample which had been pre-annealed at 400 �C (30 min) to 
maximise lifetime based on Fig. 2(a) results, but the subsequent Al2O3 
activation anneal at 460 �C (30 min) probably overwrites this anyway. 
Importantly the effective lifetime is strongly affected by illumination, 
with the peak value increasing from 1100 μs to 1930 μs when 1 Sun is 
applied for 10 s. The implied maximum power point (iMPP) and implied 
open circuit (iOC) condition are indicated on Fig. 2(b) as if this wafer 
were a finished PERC device. These values were determined using Trina 
Solar’s detailed numerical model for the cell type investigated in this 
paper. The annealing would only increase Voc but not Vmpp, hence it 
would lower the fill factor and leave cell efficiency unaffected. Fig. 2(c) 
shows the kinetics of the lifetime change at Δn ¼ 1015 cm-3. Illumination 
increases the lifetime substantially and the lifetime decays back down to 
the pre-illuminated value over the period of a few hours. The effect can 
be cycled. 
The lifetime changes which occur in Ga doped silicon upon illumi-
nation such as those in Fig. 2(b) and (c) are reasonably well understood 
in terms of the un-pairing and re-pairing of the FeGa pair [27–31]. Once 
dissociated by the illumination, the pairs re-form via room temperature 
diffusion of interstitial iron. The “after illumination” lifetime curve in 
Fig. 2(b) is therefore at least partly determined by recombination at 
dissociated Fei
þ and Ga-, and the “before illumination” curve is partly 
determined by recombination at the FeGa pair. The characteristic 
cross-over in the lifetime curves for this situation is expected at around 
3 � 1013 cm-3 at room temperature [29]. Whilst this relatively low in-
jection level was not reliably achieved with our measurement set up 
with the high lifetimes after illumination, extrapolation of the curves 
from higher injection shown by the dotted line on Fig. 2(b) is consistent 
with this cross-over level. 
The large range of possible lifetimes measured in the same sample in 
Fig. 2(b) and (c) highlights the need for a consistent methodology when 
studying Ga PERC devices. In the remainder of this paper, unless noted 
otherwise, the measurements are therefore reported after illumination 
with the FeGa pairs dissociated. 
3.2. Light-induced degradation in commercially produced PERC devices 
Fig. 3 plots the normalised PL intensity from our proxy method 
(Fig. 1) for B PERC and Ga PERC samples versus light soaking time at 1 
Sun intensity and 75 �C. Note the vertical axes necessarily have different 
scales, as the magnitude of the effects observed in the B PERC is 
considerably larger than in the Ga PERC case. The four samples used for 
each dopant were cleaved from a single PERC device. To establish the 
impact of dark annealing on the LID characteristics, each cell sample 
was processed differently with one subjected to no anneal, and the 
others subjected to anneals at 200 �C, 250 �C or 300 �C for 30 min in air 
in a box furnace. 
Firstly, it is important to note that the B PERC devices have under-
gone a dark-current stabilisation step in order to mitigate boron-oxygen 
LID [45,46]. In contrast, the Ga PERC devices have not undergone any 
final stabilisation process, as literature results have indicated that gal-
lium doped silicon is immune to LID [21,22]. In order to establish if Ga 
PERC devices are indeed immune to LID, we have performed a 
side-by-side comparison between B PERC and Ga PERC devices after 
light soaking, whereby the primary difference is the dopant in the base 
silicon material. 
For the B PERC devices shown in Fig. 3(a), it is evident from the 
green triangles that the stabilisation process has indeed mitigated the 
onset of degradation (both boron-oxygen and LeTID) for the sample 
which has not undergone a dark anneal in our laboratory. Interestingly, 
we find the normalised PL intensity exceeds unity after 10 h of illumi-
nation. It is difficult to ascertain the source of this increase definitively, 
however Sperber et al. have attributed a similar increase to improved 
surface passivation [47]. Whether it be an improvement in surface or 
bulk lifetime, an increase in performance under light soaking is a 
pleasing observation, and reflects the positive steps made over the past 
decades to improve and stabilise p-type silicon. In contrast, when the 
stabilised B PERC samples were dark annealed prior to light soaking, we 
observe a degradation in PL signal followed by a recovery, and thus 
reminiscent of a LeTID-like signature, i.e. a reduction in PL intensity 
followed by a complete recovery [4–10]. For the 250 �C and 300 �C 
samples, the recovery quickly transitioned into an overall improvement 
in performance relative to the first data point in the respective sample, 
as evidenced by the normalised PL intensity exceeding unity. With our 
proxy technique it is not possible to ascertain whether there is an ab-
solute improvement relative to the sample which had not been dark 
annealed however. Notably, the low-temperature dark anneal has 
destabilised the previously stabilised B PERC devices, and the extent of 
Fig. 2. Effective lifetime results for 1.7 Ωcm Ga doped Cz-Si substrates which 
had not been subjected to cell processing. (a) Lifetime results before and after 
annealing for 30 min at the low temperature plotted measured with room 
temperature superacid-derived passivation without pre-illumination (i.e. with 
FeGa pairs associated). (b) Typical injection-dependent lifetime results for Ga 
doped samples with ALD Al2O3 surface passivation with implied maximum 
power point (iMPP) and before illumination implied open circuit (iOC) condi-
tions shown. The data shown are for a sample which has undergone a 30 min 
anneal at 400 �C to maximise lifetime, then a 30 min 460 �C activation anneal 
after ALD. (c) Effective lifetime versus time after illumination (1 Sun, 10 s) in 
the same ALD passivated sample as in (b). Illumination for (b) and (c) was 
performed in the PL imaging system at room temperature. 
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the degradation increases with increasing dark annealing temperature. 
The source of destabilisation is unclear at this time. Importantly, Fig. 3 
(a) helps validate our PL proxy method, as the results resemble trends 
typically observed in lifetime samples which undergo LeTID [4–10]. 
Turning our attention to the Ga PERC results in Fig. 3(b), a clear 
observation is that all samples subjected to light soaking do degrade to 
some degree, although it is noted that these samples have not been 
stabilised in the same way as the B PERC devices. The extent of the 
degradation for Ga PERC is much reduced compared to the corre-
sponding dark annealed B PERC devices. The reduced normalised PL 
value for the very first measurements in Fig. 3(b) suggests that associ-
ated FeGa pairs in the Ga PERC devices reduce the bulk lifetime, as 
demonstrated in Fig. 2(b) and (c) at the substrate level. However, for 
subsequent measurements, the prolonged light soaking results in a 
higher proportion of the FeGa pairs being in the dissociated state, and 
thus their impact on the bulk lifetime is reduced under the conditions 
used. 
As in the case for the B PERC samples, subjecting the Ga PERC 
samples to a 30 min dark anneal does induce a LeTID-like degradation 
curve when subject to light soaking, and this becomes more pronounced 
with higher annealing temperatures. Again, it is unclear why a dark 
anneal would trigger such a LeTID curve, or why a higher annealing 
temperature would induce a stronger degradation effect, however it is 
evident that Ga PERC devices are not completely immune to LeTID. 
Furthermore, the similarity in degradation curves observed for both Ga 
and B PERC devices (i.e. degradation and recovery), may indicate the 
source of the degradation originates from a process induced defect, e.g. 
SiNx:H dielectrics and firing [9,48], rather than a dopant related defect 
as supported by the work of Chen et al. [49]. 
In the context of Ga PERC devices, the most important data set is that 
relating to the un-annealed PERC sample (green triangles) in Fig. 3(b). 
In contrast to the stabilised B PERC device (no anneal) in Fig. 3(a), the 
Ga cell is not completely stable, and we do see a slight degradation after 
~20 h of illumination, which is expected to recover by 1000 h. 
Providing the degradation does indeed not continue, it is still evident 
that the Ga PERC device is advantageous over B PERC, as it does not 
require an additional stabilisation process, and as such, could add po-
tential cost savings to the manufacturing of high efficiency PERC devices 
and to PV utilities. Although a dark anneal was required to invoke a 
substantial level of degradation in the Ga PERC devices, it does mean 
that future processing sequences (e.g. production of passivated contact 
structures) may trigger the same LeTID signature during cell operation. 
This issue will not be as big an issue for manufacturers as permanent LID, 
but it is a factor which should be considered in the development of solar 
cell structures involving gallium doped substrates. 
3.3. Correlating PL proxy degradation results with bulk lifetime changes 
in PERC devices 
The results obtained using the PL proxy method in Fig. 3 show a clear 
degradation in the Ga PERC devices, but they do not prove that the 
degradation is caused by a reduction in bulk lifetime, as is known to be 
the case for boron doped lifetime samples [7,50]. Other effects could be 
occurring, such as a deterioration in the surface passivation. We have 
therefore performed an experiment to demonstrate that bulk lifetime 
degradation is occurring in the Ga PERC case, and the results are shown 
in Fig. 4. 
The experiment used two 5 cm � 5 cm samples cleaved from the 
same 15.6 cm � 15.6 cm PERC device. Both samples were dark annealed 
at 300 �C for 30 min to trigger the strongest case of LeTID-like behaviour 
shown by the orange squares in Fig. 3(b). The samples were then 
characterised by the PL imaging proxy method to determine their pre- 
LID values, and to ensure the samples were similar. One sample was 
stored in the dark, while the other was subjected to light soaking at 1 Sun 
and 75 �C for ~100 h, which according to Fig. 3(b) will give rise to 
substantial degradation. Both samples were re-characterised using the 
Fig. 3. Normalised PL intensity from the 
proxy method versus light soaking time at 1 
Sun and 75 �C for PERC devices processed 
from (a) boron doped and (b) gallium doped 
substrates, with a stabilisation process hav-
ing been performed on the former and not 
the latter. Note the different vertical scales, 
as the degradation is much less severe in the 
Ga PERC than in the B PERC case. The tri-
angles are for cells which had not been sub-
jected to a dark anneal prior to light soaking. 
The diamonds, circles and squares after for 
cells having had a 200 �C, 250 �C and 300 �C 
30 min dark anneal prior to light soaking, 
respectively. Solid lines are guides to the eye. 
For a given device sample, normalisation was 
performed relative to the first point in the B 
PERC case, and relative to the second point 
in the Ga PERC case due to the 
metastable defect activity discussed in the 
text.   
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PL imaging proxy method. Fig. 4(a) shows the results of the tests, with 
an 11% reduction in PL observed. The metallisation and diffusions were 
then stripped away from the surfaces of the two samples, and the 
effective lifetimes were measured with the room temperature superacid- 
derived passivation treatment [34–36]. The effective lifetime data are 
shown in Fig. 4(b) and show practically the same (12%) reduction be-
tween the two samples at an excess carrier density corresponding to 1 
Sun illumination as determined using the reference cell in the lifetime 
tester. From the results in Fig. 4, it is evident that bulk lifetime degra-
dation is causing the PERC degradation, and the similar quantitative 
reductions in PL or effective lifetime suggest it is the dominant effect. 
Fig. 4(c) shows the injection-dependent lifetime and its value at 1 Sun of 
these passivated samples with a comparison to the intrinsic lifetime limit 
of Richter et al. [51]. 
3.4. Lifetime stability in pre-stripped gallium PERC devices 
Our final set of experiments aims to understand the degradation of 
bulk lifetime in gallium doped silicon wafers which have been processed 
into PERC devices then stripped prior to illumination. Our experimental 
design is illustrated schematically in Fig. 5, and this methodology en-
ables us to report effective lifetime values rather than PL proxy data. 
Fig. 4. A validation of the PL proxy method for Ga PERC devices subjected to 300 �C dark annealing. (a) The PL proxy intensity results for a Ga PERC device before 
and after 100 h of LID (1 Sun, 75 �C). (b) Effective lifetime in stripped Ga PERC devices with superacid-derived passivation (“SA treated”) before and after 100 h of 
LID (1 Sun, 75 �C). (c) Injection-dependent effective lifetime measurements of the stripped Ga PERC device with superacid-derived passivation. The intrinsic lifetime 
limit of Richter et al. [51] is also plotted. 
Fig. 5. Schematic to show the design of experiments to test lifetime stability in PERC devices. Two samples are extracted from Ga PERC device (without a stabi-
lisation treatment) and a B PERC device (with a stabilisation treatment) and are processed as indicated above. The results from these experiments are shown in Fig. 6. 
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Stable surface passivation is needed for these experiments, and ALD 
Al2O3 deposited at 200 �C and activated by a 420 �C anneal was used. 
The lifetime results are shown in Fig. 6. 
Importantly, it is first noted that the surface passivation is 
stable under illumination, evidenced by the FZ n-type control data in 
Fig. 6, and thus any degradation observed can be attributed to a 
reduction in the bulk lifetime. Secondly, the 250 �C dark anneal prior to 
stripping the PERC devices has made no difference to the light soaking 
trends, suggesting the ALD process (most likely the 420 �C activation 
anneal) has changed the bulk lifetime characteristics, and therefore 
annihilated any prior defect the 250 �C dark anneal activates, as 
observed in Fig. 3. 
In the case of the stripped B PERC devices (red diamonds), the 
degradation characteristics have completely changed compared to those 
shown for the unstripped B PERC device in Fig. 3. The trend shown in 
Fig. 6 now closely resembles that of the boron-oxygen defect, suggesting 
that the effects of the stabilisation process has been undone. That is, 
there is an initial fast degradation, followed by a much slower one 
whereby the bulk lifetime does not recover unless subject to a dark 
anneal [3,52]. For the stripped Ga PERC devices (blue circles), the 
lifetime remains stable, and no degradation can be observed, consistent 
with previous reports on gallium doped silicon [21,22]. Therefore in 
contrast to Fig. 3, the same trends could not be observed, indicating the 
ALD process has changed the bulk lifetime characteristics and its cor-
responding LID signature. Finally, it is noted that the constant lifetime in 
ALD Al2O3 passivated stripped Ga PERC material in Fig. 6 provides 
further evidence that the passivation on p-type material is stable under 
illumination, which needs to be demonstrated because it has been sug-
gested that Fermi level position might affect the surface behaviour [47]. 
The results shown in Fig. 6 demonstrate that extreme care must be 
taken when using dielectric passivation structures to analyse the bulk 
lifetime of stripped PERC devices. Low temperature annealing (which is 
required to activate ALD Al2O3 surface passivation), can significantly 
change the bulk lifetime characteristics and thus its susceptibility (or 
resilience) to LID. 
4. Conclusions 
We examined the degradation trends of B and Ga monocrystalline 
PERC devices when exposed to 1 Sun illumination at 75 �C for >1000 h. 
In the “as-produced” state which included a stabilisation step, the B 
PERC device indeed remained stable, or underwent a slight relative 
improvement. In the case of the as-produced Ga PERC device (without a 
stabilisation step), we observed a slight degradation (~5%) in perfor-
mance which is expected to recover by 1000 h. When the B and Ga PERC 
devices were subjected to a dark anneal at 200, 250 or 300 �C prior to 
light soaking, we observed significant changes in the LID characteristics 
of the cells. All previously stabilised B PERC devices underwent a fast 
degradation followed by a complete recovery, characteristic of LeTID, 
indicating the low-temperature dark anneal has undone the effects of 
stabilisation. A similar trend was also observed for Ga PERC devices 
which had not been subjected to a stabilisation treatment, showing 
LeTID can also occur in Ga doped silicon. After stripping degraded Ga 
PERC devices, it was determined that the cause of this degradation is a 
deterioration in the bulk lifetime, consistent with that found previously 
for boron doped samples. When the Ga and B PERC cells were stripped 
and passivated with ALD Al2O3, we observed a complete change in the 
degradation characteristics, i.e. no degradation for Ga, and boron- 
oxygen-like degradation for B. This indicates that dielectric passiv-
ation is not adequate to diagnose bulk lifetime degradation causes in 
stripped PERC devices. 
It is evident that Ga PERC is advantageous over B PERC, as it does not 
require an additional stabilisation process, and, as such, could add po-
tential cost savings to the manufacturing of high efficiency PERC devices 
and to PV utilities. However, manufacturers looking to substitute B 
PERC with Ga PERC need to be aware that any future fabrication pro-
cesses (e.g. passivated contact structures) could make Ga PERC solar 
cells susceptible to degradation, and thus care must be taken. 
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